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1-1 General Motivation 
 
1-1-1 The Energy Problem 
 
The human basic needs of the modern society require the use of various forms of 
energy for: food, transportation, communication, etc.  Therefore, in order maintain the 
current modern society; all our energy needs must be supplied.  Fig. 1-1 shows the 
shares of energy sources in total global energy supply in 2008 [1], with the renewable 
energy sources expanded on the right.  It is observed that a very large share of the 
energy consumed, i.e., coal, oil, and gas, are all derived from fossil fuels.  Fossil fuels 
are non-renewable energy sources, which mean that there, will come a time when all the 
remaining energy reserves will be totally consumed and depleted.    
 
1-1-2 Global Warming  
 
In addition, in order to have a healthy and liveable environment for the future, it 
is imperative that the energy is supplied with low environmental impacts.  Carbon 
dioxide, from the burning of fossil fuels has long been identified as the main cause of 
global warming [2].  Fig. 1-2 shows the carbon dioxide emissions from 1965 to 2011 
[3].  It is observed that from 1965, the world carbon dioxide emission is steadily 
increasing and almost tripled after five decades.  Therefore, we can safely assume that 
the carbon dioxide emissions will continuously rise as a result of the increase in fossil 






Fig. 1-1.  The shares of energy sources in total global primary energy supply in 
2008.  The renewable energy (RE) sources are expanded on the right. 
 
 
Fig. 1-2.  Global CO2 Emissions from 1965 to 2011.   
 4 
 
1-1-3 Solar Energy as an Alternative Source of Energy 
 
Renewable energy sources can provide sustainable energy while mitigating the 
effects of climate change.  As shown in Fig. 1-1, the renewable energy sources only 
account for the 12.9% of the total global energy consumption of 2008.  The particular 
renewable energy source of interest for this thesis is the solar energy source, which only 
account for 0.1% of the total global energy consumption.  On the average, an area on 
the earth’s surface receives about 1000 W/m2 of solar energy for about 8 hours in a day 
for a year, which is equivalent to about 3000 hours of sunlight.  In 2008, the total global 
energy consumption was around 143,000 TWh [4].   If we calculate for the total surface 
area needed to produce the same amount of energy in 2008 with a 15% efficient solar 
cell, then we’ll get an area of about 317,000 km2.  In comparison, this area is a little less 
than the total land area of Japan, i.e., 377,000 km2 or just about 3.5% the land area of 
Sahara desert, i.e., 9,000,000 km2.  This rough estimate shows that it is very possible to 
supply the global energy needs using only solar energy.  However, the current 
commercial solar cell efficiencies (Fig. 1-3), i.e., 15~21% [5], and the high production 
costs limit the full potential of using solar cells for household and commercial use.  
Therefore, great efforts must be given to the study of solar cells in order to maximize 
the use of the free and clean solar energy.  In the next section, the details on how solar 






Fig. 1-3.  Conversion efficiencies vs. year for research lab. commercial solar 













1-2 Solar Cells 
 
1-2-1 Si solar cells 
 
There are various types of solar cells, such as: single crystalline Si, 
polycrystalline Si, amorphous Si, thin films (CdTe, GaAs, etc.).  However, in order to 
produce solar cells with high conversion efficiencies at a relatively low cost, the solar 
cell material must be of high quality, abundant raw materials and low cost of 
production.  Since crystalline, i.e., mono- and polycrystalline, Si-based solar cells fit 




Fig. 1-4.  Band diagram of a pn-junction in the dark (a) and with photovoltage, 




A solar cell is a semiconductor device that converts light energy into electrical 
energy [6,7,8].  When a semiconductor absorbs a photon greater than its band-gap 
energy, an electron is excited from its valence band to the conduction band.  In order to 
separate the generated electron-hole pairs, a built-in asymmetry must be present in the 
solar cell.  Fig. 1-4a shows the band diagram for a pn-junction in the dark.  When 
different regions of a semiconductor are doped differently, i.e., p- and n-type, an 
interface will be created in the semiconductor material.  Since the work function of the 
p-type region is larger than the n-type region, then the electrostatic potential of the p-
type will be larger than the n-type, thus, an electric field is established at the p-n 
junction of the semiconductor material.  Fig. 1-4b shows the band diagram of a pn-
junction with photovoltage, Vph, generated by an incident light.  After absorption of 
light, electron-hole pairs are generated in the material.  Due to the electric field in the 
space charge region, electrons (holes) flow to the n-region (p-region).  The electrons 
and holes are then enhanced above their equilibrium values, and the electron and hole 
quasi-Fermi levels are split.  Therefore, the photovoltage, Vph, is the difference between 








Fig. 1-5 shows the basic structure of a solar cell.  A basic Si solar cell is made of 
a pn-junction Si material, an anti-reflection coating to reduce surface reflections, and 
front and back metal contacts to collect the generated current.  When an incident light, 
as shown in Fig. 1-6, hits the solar cell, electron-hole pairs are generated.  The electrons 
move to the n-side while the holes move to the p-side due to the electric field created at 
the pn-junction.  The carriers are then collected at the front and back metal contacts and 




Fig. 1-6.  Basic mechanism of a Si solar cell.   
 
1-2-2  Losses in solar cells  
 
1-2-2-1  Reflection losses in Si solar cells 
 
The maximum theoretical conversion efficiency of a single crystalline Si solar 
cell under non-concentrated light illumination is 28% [9].  However, due to various loss 
mechanisms, as mentioned in section 1-1-3, the conversion efficiencies of current 
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commercial solar cells are only in the range between 15 and 21%.  The two main losses 
in Si solar cells are the: reflection losses and recombination losses. 
When light hits the Si solar cell, most of the light is reflected, i.e., above 40%, 
thus, not absorbed.  The band-gap energy of Si is 1.1 eV [10], therefore, Si can absorb 
light whose wavelength is below 1100 nm.  However, Si has a high refractive index, 
i.e., 3.9~4.5, in the range between 300 and 1100 nm [11], thus resulting in a high 
reflectivity.  The conventional methods to produce low-reflectivity Si surfaces are: (1) 
formation of a textured surface [12], and (2) deposition of an anti-reflection coating 
[13].  The formation of a textured surface is normally done by the alkaline etching of Si 
(to be discussed in the next chapter) forming a pyramidal-textured Si surface.  The 
pyramid structure allows multiple reflections on the Si surface resulting in more 
absorption.  On the other hand, an anti-reflection coating is deposited on the Si surface 
in order to reduce the difference between the refractive index of air and the Si surface.  
The conventional anti-reflection coating used is silicon nitride, with a refractive index 
of ~2. 
The intensity of the reflected light when passing through between media of 
different refractive indices was first observed by Fresnel (1827).  The Fresnel equations 
describe the fraction of the reflected and refracted/transmitted light.  Fig. 1-7 shows the 






Fig. 1-7.  Reflection and Transmission of light. 
 
where θi, θr, and θt are the incident, reflected, and transmitted angles respectively, and 
the refractive indices of the two media are labelled as n1 and n2.   
At the interface between the two media, the incident light can both be reflected 
and refracted.  The angle of the reflected light is given by the law of reflection,   
 
ri σσ =         (1-1) 
 














       (1-2) 
 
In order to determine the fraction of light reflected, R, the polarization of light must be 
considered.  The electric field component perpendicular to the plane of incidence is said 
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to be s-polarized (crossed circle in Fig. 1-6), while the electric field component parallel 













































     (1-4) 
 
For the unpolarized light, i.e., having equal fractions of s- and p-polarized light, R can 







       (1-5) 
 
Reflections on a Si surface can be greatly reduced by applying an anti-reflection 
coating, i.e., <10%.  Fig. 1-8 shows the anti-reflection coating mechanism for a Si 
surface.  Anti-reflection coating consists of a thin layer of dielectric material, whose 
thickness is chosen so that the interference effects in the anti-reflection coating can 
cause the wave reflected from the anti-reflection coating surface to be out of phase with 









Fig. 1-8.  Anti-reflection coating (ARC) mechanism. 
 
Therefore, thickness, d,  of the anti-reflection coating is chosen such that it is equal to 





        (1-6) 
 
Reflectivity can be further reduced if the refractive index of the anti-reflection coating is 
the geometric mean of air, i.e., 1, and Si, i.e., 3.8 – 4.5, as expressed by eq. 1-7.   
 
 201 nnn =        (1-7) 
 





1-2-2-1  Recombination losses in Si solar cells 
 
After absorption of light, it is possible that electrons at the conduction band may 
recombine with holes in the valence band before electrons and holes are separated by 
the electric field in the space charge region.  Recombinations in a solar cell normally 
occur through defect states such as surface defects [14], e.g., surface dangling bonds.  
Fig. 1-11a shows a dangling bond for Si and the electron-hole recombination through 
surface defect states (Fig. 1-11b).  The surface defect states possess energy levels that 
can act as an efficient recombination center for electrons and holes.  In order to reduce 
surface recombination centers, the surface dangling bonds must be removed by forming 
a passivation layer on the surface.  The conventional surface passivation is normally 
done by the deposition of a silicon nitride layer which contains high concentration 
hydrogen [15].   
Recombination is the process by which electron-hole pairs are lost due to the 
spontaneous transition of an excited electron in the conduction band to an unoccupied 
state (hole) in the valence band.  The time-dependent decay of the excess carrier 






     (1-8) 
 
where U is the recombination rate, n0 and p0 are the electron and hole concentrations, 
and n is the carrier injection density.  The time constant of the decay is called the 









    (1-9) 
 
As will be shown, there are various recombination mechanisms that may occur in a 
given sample.  Therefore, the total recombination rate, Ueff, is expressed as the 
summation of the individual recombination rates of each recombination mechanism.  









       (1-11) 
 
There are three main types of recombination mechanism in semiconductors [16].  
Fig. 1-9 shows the first two types of recombinations, radiative (a) and Auger (b) 
recombinations.  Radiative recombination (Fig. 1-9a) occurs when an electron in the 
conduction band directly recombines with a hole in the valence band.  The 
recombination process also releases energy in the form of photon whose energy is the 
same as the band-gap energy.  However in Si, radiative recombination rarely occurs, 
due to indirect band-gap as band-to-band recombination in Si must be accompanied by 
phonon emission or absorption to conserve both energy and momentum.  Auger 
recombination (Fig. 1-9b) occurs when two similar carriers collide with each other 
resulting to the excitation of one carrier and the recombination of another carrier with 
the opposite carrier across the band-gap.  The energy released from the recombination 
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of the carrier is then used up as the kinetic energy of the other carrier.  The gained 
kinetic energy of the carrier is then lost as heat as the excited carrier relaxes to the band 




Fig. 1-9. Recombination mechanisms for electrons and holes: radiative 
recombination (a), Auger recombination (b). 
 
The third and most important type of recombination mechanism is the 
recombination via defect or interface states, also called as the Shockley-Read-Hall 
(SRH) recombination [18].  Fig. 1-10 shows the different interactions of carriers in the 
presence of bulk defect states: 1) electron emission, 2) electron capture, 3) hole capture, 






Fig. 1-10. Recombination through bulk defect states. Electron emission (1), 
electron capture (2), hole capture (3), and hole emission (4). 
 
 In order to determine the rates at which the electron density n in conduction 
band and hole density p in the valence band change, the total emission and capture due 
to the presence of defect states have to be balanced for both electrons and holes.  The 
capture rates for electrons cn* and holes cp* may be expressed as: 
 
 
nvncc thnnn )(* σ==       (1-12) 
pvpcc thppp )(* σ==       (1-13) 
 
If we set the electrons (holes) as having their own frame of reference, then the defect 
centers move randomly with a thermal velocity vth while the electrons (holes) are 
immobile.  Having a capture cross-section σn, the defect center then sweeps out a 
volume per unit time of σn x vth. 
 Let Nt be the density of defect centers and ft the probability of occupation by an 
electron.  Since the total electron emission (total hole capture) is proportional to the 
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density of occupied defect centers Nt x ft and the total electron capture (total hole 
emission) to the number of unoccupied defect centers Nt x (1-ft), the time rates of 
change of n and p due to generation and recombination can be written as: 
 
















 )1()3()4( 1   (1-15) 
 
At equilibrium, the rates of concentration change for both electrons (dn/dt) and 
holes (dp/dt) must be zero.  Therefore, if we introduce the expressions for the 
equilibrium concentrations n0 and p0, and the occupation probability, ft, is identified 
with the Fermi-Dirac distribution function, then the emission rates en and ep can be 











































  (1-17) 
 
where Nc and Nv are the effective density of states in the conduction and valence bands 
respectively, Ec and Ev are the energies of the conduction and valence band edges 



























v exp1       (1-19) 
  
 In order to find an expression for the SRH recombination rate, a non-equilibrium 
case must be considered.  If the expression for en and ep are inserted in equations 1-14 
and 1-15, equating dn/dt=dp/dt yields the occupation probability ft of the defect centers 
as a function of the defect (n1, p1, cn and cp) and excitation (n and p) parameters.  The 




























         (1-20) 
 
 The recombination lifetime is defined as: 
 




    (1-21) 
 
Therefore, if the non-equilibrium densities are replaced by n=n0+n and p=p0+p, the 











  (1-22) 
 
where τn0 and τp0 are the capture time constants of electrons and holes which are related 
to the thermal velocity vth, the defect concentration Nt, and the capture cross-sections σn 
and σp of the specific defect center.   
 
1
0 )( −= thptp vN στ       (1-23) 
1




Fig. 1-11. Dangling bond in Si (a), and recombination through surface states (b). 
 
Surface recombination is a special case of the SRH recombination.  The surface 
is a discontinuity in the crystalline structure of a material.  Dangling bonds, shown in 
Fig. 1-11a, are produced when Si atoms are partially bonded.  Dangling bonds produce 
defect energy states in the band-gap energy.  Unlike the bulk SRH defect states, the 
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surface defect states are continuously distributed along the band-gap (Fig. 1-11b).  
Therefore, the interface trap density Dit(Et) and the capture cross-sections σn(Et) and 
σp(Et) are energy dependent quantities.  While the recombination rate of any single 
surface state can be expressed by eq. 1-20, the total surface recombination rate Us can 
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All the recombination mechanisms may occur simultaneously in a given sample.  
Therefore, the overall recombination rate is just the summation of the individual 

































1-2-3 High efficiency single crystalline Si solar cell - The PERL 
solar cell 
 
The highest efficiency single crystalline Si solar cell ever produced is the 
passivated emitter, rear locally-diffused (PERL) cell structure having an efficiency of 
24.7% [17].  Fig. 1-12 shows the structure of the PERL solar cell.  The PERL solar cell 
has an inverted pyramid structure with double-layered anti-reflection coating, well-
passivated front and rear cell regions, and heavy doping at the front and rear metal 
contacts.  The PERL structure was able to obtain a very high open circuit voltage, i.e., 











1-3 Purpose of this Study 
 
In the previous sections, solar cells were introduced as alternative energy 
sources to reduce carbon dioxide emissions from burning of fossil fuels.  However, the 
current solar cell technology and high production costs are still far from being the ideal 
alternative energy sources for supplying the world energy demand.  Therefore, the main 
purpose of this work is to provide a new method, i.e., the “surface structure chemical 
transfer method” (SSCT), on how to improve the Si solar cell characteristics, i.e., high 
photocurrent density, for more efficient Si solar cell devices while providing a fast, i.e., 
~30 s, and simple, i.e., room temperature, solar cell processing for more cost-effective 
device production.   
This work on solar cells will greatly benefit the development of better solar cell 
technology and for the reduction of production costs.  In the following chapters, a fast 
and simple method to produce ultra-low reflectivity Si surfaces will be introduced.  
Solar cells were then fabricated from the ultra-low reflectivity surfaces, and results 
showed great improvement in the solar cell characteristics.  The HF-treatment for Si 
wafers will also be discussed and some proposals for better Si wafer processing will be 
provided.   
However, this work will not only benefit the applications point of view, but also, 
for the enrichment of science.  Nanocrystalline Si is a very promising material with 
many exciting properties, some of which will be discussed in this work, i.e., 
photoluminescence, structure, etc.  Some chemical mechanisms will also be discussed, 
i.e., chemical-electrochemical reaction of a Pt metal with Si in HF:H2O2, phosphorus 
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dopant diffusion in a nanocrystalline Si/Si structure, and the initial oxidation of a H-
terminated Si surface.    
An outline of the following chapters is provided below. 
Chapter 2 introduces the chemical methods performed in this thesis, i.e., RCA 
clean method and saw damage removal by KOH.  Also, the instruments and analytical 
tools used were all introduced, i.e., microwave photoconductive decay method, X-ray 
photoelectron spectroscopy, Kelvin probe method, reflectance spectroscopy, 
photoluminescence spectroscopy, scanning electron microscopy, transmission electron 
microscopy, and solar simulation.   
Chapter 3 introduces the surface structure chemical transfer method (SSCT) for 
the production ultra-low reflectivity Si surfaces.  The morphology and structure of the 
nanocrystalline Si surface were studied and mechanisms for the nanocrystalline 
formation and ultra-low reflectivity were proposed.  The photoluminescence of the Si 
nanocrystals were measured and was used to explain the observed increase in the 
minority carrier lifetime.   
Chapter 4 introduces the solar cell production and pn-junction formation 
processes.  The conditions for the nanocrystalline Si/Si structured pn-junction were 
studied, and changes in some properties before and after the pn-junction formation were 
observed.  Finally, the solar cell with the best solar cell characteristics was discussed.   
Chapter 5 shows changes of surface properties of HF-treated Si wafers caused 
by air exposure.  The changes in minority carrier lifetime based on the humidity 
conditions of air were shown.  The chemical species involved during the oxidation in air 
were determined by XPS and work function measurements.   
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Experimental Methods: Chemical Methods; and 
















2-1 Chemical Methods 
 
2-1-1 The RCA clean method 
 
Metal and organic contaminants accumulated at the surface of Si wafers during / 
or after processing have to be removed prior to subsequent high temperature processing 
steps, i.e., oxidation, diffusion, etc., in order to produce semiconductor devices of high 
performance and reliability.  The RCA clean method was developed by Werner Kern 
during 1965 [1] while working for the Radio Corporation of America, hence the name 
RCA.     
Fig. 2-1 shows the summary of the RCA clean process.  The RCA clean process 
is divided into two steps, with ultrapure water rinsing between each steps:  (1) APM 
(Ammonium hydroxide – hydrogen Peroxide Mixture), which is the removal of 
insoluble organic contaminants and particle contaminants in 1:1:5 NH4OH:H2O2:H2O 
solution at temperatures between 70 and 80°C for 10 min; (2) HPM (Hydrochloric acid 
– hydrogen Peroxide Mixture), which is the removal of ionic and heavy metal 
contaminants in 1:1:5 HCl:H2O2:H2O solution at temperatures between 80 and 90°C for 
10 min. These two steps are followed by HF-etching oxide strip, which is the removal 
of the thin oxide layer that contains the metal contaminants as a result of APM and 
HPM using a diluted HF (0.5%) solution at room temperature for 2 min.   
The first step was designed to remove organic surface films by oxidative 
breakdown and dissolution to expose the silicon or oxide surface for concurrent or 
subsequent decontamination reactions.  Hydrogen peroxide solutions at high pH are 
effective for organic contaminant removal by oxidation.  Also, the hydroxide ions attack 
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the native oxide layer consequently etching the oxide layer.  The bare Si surface is then 
oxidized by hydrogen peroxide.  Due to this, a rough surface is then formed after the 
cleaning step.  Metal contaminants may also removed by forming an ammonium 
hydroxide complex, e.g., Cu(NH3)4+2 amino-complex for Cu contaminants.  However, 
metal contaminants may also form NH4OH-insoluble hydroxides in basic solutions [2].  
The second step is then designed to remove the remaining metal contaminants by 
forming water soluble complexes at low pH values.  At low pH, protonation of the 









However, considering the conditions and mechanism of the RCA cleaning 
method, the disadvantages of this method are: 1) high concentration of solutions, i.e., 
2~3%, 2) re-adsorption of metal impurities, 3) elevated temperature, i.e., 50~80%, and 
4) Si etching which results in roughening of surface, i.e., formation of defects.   
In this thesis, Si wafers were treated with the RCA clean process prior to any 
subsequent chemical processes.   
 
2-1-2 Alkaline etching of Si 
 
Alkaline etching of Si by KOH is normally used in solar cell processing for the 
fast removal of saw damage from as-sliced Si ingots and/or formation of a mat-textured 
surface for low reflectivity surfaces [3]. 
The saw damage removal is done in a 21% (w/w) KOH solution at 80°C for 
about 10 min.  The etch rate for this condition in a Si(100) wafer was determined to be 
about 1 µm/min.  This condition will approximately etch about 10 µm of Si which is 
well above the typical saw damage layer height of about a few microns for as-sliced Si 
wafers [4].   
Fig. 2-2 shows the SEM micrograph of a polycrystalline Si surface before and 
after saw damage removal by KOH etching.  In Fig. 2-2a, the rough surface caused by 
the wire saw damage can be observed.  However, after KOH etching, the saw damage 






Fig. 2-2.  SEM micrograph of a polycrystalline Si surface before (a) and after (b) 
saw damage removal by KOH etching. 
 




62 2)(4)(2 HOHSiOHOHSi +→++ −−   (2-1) 
 
Si is attacked by hydroxide ions in the presence of water and results in a water 
soluble Si-hydroxide complex.  It was previously determined that the reaction also 
yields hydrogen gas as a by-product in a stoichiometric ratio of 2 H2/Si [3].    
Due to the high etching rate at high temperatures and high KOH concentrations, 
non-isotropic etching occurs, therefore, saw damage removal is possible even for 
polycrystalline Si wafers.  However, at low temperatures and low KOH concentrations, 
the reaction slows down resulting in a more pronounced etch anisotropy which is highly 






Fig. 2-3.  Si crystal structure showing the (100) (a) and (111) (b) surfaces.   
 
Fig. 2-3 shows the Si crystal structure along with the (100) and (111) surfaces.  
It can be observed that the (100) surface is more loosely packed and has two dangling 
bonds per atom as compared to a (111) surface which is the most closely packed and has 
only one dangling bond per atom.  For this reason, the etching rate of a (100) surface is 
faster as compared to a (111) surface which has the lowest etching rate.   
For Si(100), the anisotropy for low KOH concentrations can be taken advantage 
to produce a pyramidal-textured (Fig. 2-4a) surface having a pyramidal structure with 
(111) surface.  However, for a polycrystalline Si wafer, having random surface 
orientations with only a part of (100) oriented regions, alkaline etching cannot be form 
uniform pyramidal structure.  For this case, a polycrystalline (Fig. 2-4b) textured 
surface is formed by acid etching [5] as shown in 2-2 to 2-5.  The HF:HNO3 solution 
attacks Si isotropically, therefore, a textured surface can be formed regardless of the 
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Fig. 2-4.  A pyramidal-textured Si surface produced by alkaline etching from a 
Si(100) wafer  (a) and a textured polycrystalline Si wafer produced by acid etching (b). 
 
In this thesis, the reflectivities of the textured surfaces by alkaline etching and 
acid etching were compared with a nanocrystalline Si surface and their corresponding 






2-2 Instrumentation and analysis 
 
2-2-1 Minority carrier lifetime measurements – Microwave 
Photoconductive Decay (MW-PCD) spectroscopy 
 
The minority carrier lifetime is a very important parameter for the production of 
high efficiency solar cells, especially the open-circuit photovoltage, i.e., Voc.  The 
minority carrier lifetime determines the rate of recombination of excess carriers in a 
solar cell.  Therefore, it can determine the quality of a solar cell and its impact in the 




Fig. 2-5. Schematic of the Microwave Photoconductance Decay (MW-PCD) 





The minority carrier lifetime measurement technique used in this thesis is the 
microwave photoconductive decay (MW-PCD) spectroscopy [6].  A schematic of the 
MW-PCD minority carrier lifetime measurement is shown in Fig. 2-5.  The MW-PCD 
technique is a transient technique, wherein, the carrier lifetime is determined from the 
asymptotic decay of the average excess carrier density after the pulse excitation by the 
laser diode.  The excess carrier decay is monitored via changes in the sample’s 




Fig. 2-6. Principle of minority carrier lifetime measurement by Microwave 





 Fig. 2-7. The carrier generation, diffusion and the effective lifetime in MW-
PCD.   
 
In Fig. 2-6, the principle of MW-PCD is shown.  At t0, excess carriers are 
produced immediately after the laser pulse, which results in an increase in microwave 
reflectivity due to the very high photoconductance of the sample.  The microwave 
reflectivity is normalized according to the photoconductance after the laser pulse at t = 
0.  After which, the excess carriers start recombining which results in the decay curve 
shown in Fig. 2-6.  The 1/e lifetime, i.e., time from t0 to t1, corresponds to the initial 
portion of the decay curve, i.e., the time carriers diffuse in the sample (Fig. 2-7), and is 
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mainly dominated by surface recombinations.  The 1/e2 lifetime, time from t1 to t2, 
corresponds to the exponential portion of the decay curve in Fig. 2-6.  The 1/e2 lifetime 
is the time when the excess carriers are homogeneously distributed in the sample (Fig. 
2-7), also called the effective lifetime [7] which is a function of both surface and bulk 
recombinations.  The minority carrier lifetime values used in this thesis are the 1/e2, i.e., 
effective lifetime.  
In this thesis, minority carrier lifetime measurements were done for the 
nanocrystalline Si surface (Chapter 3), and HF-treated Si wafers (Chapter 5).  Minority 
carrier lifetime of the Si wafers were determined from measurements of microwave 
reflectivity decay caused by 904 nm wavelength incident light with a carrier injection 
density of 1×1015/cm3 using a KOBELCO Wafer LTA-1510 system. 
 
2-2-2 Electron Spectroscopy for Chemical Analysis (ESCA) – X-ray 
Photoelectron Spectroscopy (XPS) 
 
When the surface of a material is irradiated with photons of energy hν, electrons 
were observed to be emitted from the surface of the material provided the photon energy 
is greater than the work-function of the material.  This phenomenon, later called the 
“photoelectric effect” (Fig. 2-8) was first observed by H. Hertz in 1887 [8] and was later 
explained by A. Einstein in 1905, wherein, he won the Noble Prize in Physics (1921) 
[9].  XPS was later developed by K. Siegbahn, and was called the Electron 
Spectroscopy for Chemical Analysis (ESCA) [10].  ESCA is one of the most versatile 






 Fig. 2-8.  The photoelectric effect. 
 
 Fig. 2-9 shows the energetics of XPS [10].  A monochromatic beam of X-rays is 
incident upon the sample which causes the photoemission of electrons from both the 
core and valence levels of surface atoms into the vacuum.  The core level electrons do 
not participate in chemical bonding and are located in the inner quantum shells, while 
the valence electrons are the electrons that participate in chemical bonding which are 
weakly bound and located in the outer quantum shells.  The core electrons are mostly 
insensitive to the outer surroundings, therefore, can be used to determine the signature 
binding energies, Eb, for elemental indentification.  The binding energy is defined as the 
energy of the core level with respect to the highest occupied level (EF) of the sample.  
The vacuum level is the energy at which an electron will have zero kinetic energy at an 
infinite distance from the surface.  A plot of the number of electrons, N(E), having a 






Fig. 2-9.  The energetics of X-ray Photoelectron Spectroscopy (XPS). 
 
The kinetic energy of emitted electrons, Ek, is given by the equation (2-6):  
 
 spbk EhvE φ−−=       (2-6) 
 
where hv is the energy of the incident photon, Eb is the binding energy of the electron 
emitted from the sample, and φsp is the spectrometer work-function.  The binding 
energy, Eb, can be calculated once the kinetic energy, Ek, is measured.  Since the binding 
energy, Eb, is highly dependent on the chemical state of the atom, it can be used for the 
determination of important chemical information regarding the sample, i.e., elemental 
identification, chemical composition, etc [9].  In this thesis, the chemical states were 
obtained by determining the binding energy shift of the peaks.  A higher binding energy 
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shift means a more positively charged state, while a lower binding energy shift means a 
less positively charged state.     
 XPS was also used to approximate the thickness, dox, of the SiO2 layer on Si by 




















     (2-7) 
 
where Iox and ISi are the intensities of the SiO2 and Si core level peaks, respectively. And 
 
 SiSiSiSi DI λσα =        (2-8) 
 oxoxoxox DI λσα =        (2-9) 
 
where λ is the mean free path of the photoelectrons, D is the atomic density, σ is the 
photoionization cross section and the subscripts ox and Si correspond to the value for 
the SiO2 and Si, respectively.   
In this thesis, XPS was used to determine the chemical species present in the 
HF-treated Si wafers and the thickness of the SiO2 layer formed (Chapter 5).  XPS 
measurements were carried out using a VG Scientific ESCALAB 220i-XL spectrometer 
with a monochromatic Al Kα radiation source.  Photoelectrons were detected in the 





2-2-3 Workfunction measurements – Kelvin Probe (KP) analysis 
 
The Kelvin method is a technique used to measure changes in work-function of 
metals, semiconductors, etc., by the use of a vibrating capacitor.  W.A. Zisman used an 
idea by Professor Knoble in 1932 [12], to utilize a constantly vibrating reference probe 
for work-function measurements.   
The KP method is a non-contact, non-destructive measurement for the 
determination of work-function changes.  The KP used for the work-function 
measurements as shown in Fig. 2-10 consists of both a sample and a vibrating reference 
electrode in a parallel-plate configuration.  The probe tip is normally connected to the 
preamplifier, while the sample is connected to the ground.  The sample and KP tip are 




Fig. 2-10.  Kelvin Probe (KP) configuration used in the work function 
measurements.  
 
As shown in Fig. 2-11a, when the KP tip and sample are in close proximity but 
not electrically connected, the Fermi levels (EF) align at the vacuum level (Evac) 
depending on their respective work-functions (φ).  When the KP tip and the sample are 
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then made electrically connected as shown in Fig. 2-11b, the electrons flow from the 
material with a smaller work-function to the material with a larger work function.  The 
material with the lower work-function then becomes positively charged while the 
material with a higher work-function becomes negatively charged.  Surface charges 
completely disappear when the electric field is able to compensate for the work-function 
difference.  In Fig. 2-11c, a backing potential (Vb) is applied until the charges becomes 
zero, at this time, the backing potential is exactly the same value as  the contact 




Fig. 2-11.  Determination of the contact potential difference of the sample (VCPD) 
by a backing potential (Vb). When the KP tip and sample are not electrically 
connected (a), electrically connected (b), and the Vb equals the -VCPD (c). 
 
To determine the work function changes of samples used for this thesis, the work 
function of the probe tip was assumed to be constant during the whole measurement 
period.  The probe tip was a 304 stain steel type with a robust and chemically stable 
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native oxide layer.  The work-function changes (φ) in a sample can be calculated by 
equations 2-10 to 2-12: 
 
)1()1( sampletipCPDV φφ −=       (2-10) 
)2()2( sampletipCPDV φφ −=       (2-11) 
)1()2()2()1( samplesampleCPDCPD VV φφφ −=−=∆    (2-12) 
 
In this thesis, work function measurements were taken for the HF-treated Si 
wafers (Chapter 5).  Measurements of workfunction changes were performed by a 
contact potential difference method using a McAllister KP6500 Digital Kelvin Probe. 
 
2-2-4 Reflectivity measurements 
  
One of the most important techniques for the analysis of solar cells is the 
reflectivity measurements.  Reflection occurs when light moves from a medium with 
one index of refraction into a second one with a different index of refraction.  The 
reflection of light at the surface of solar cells is a key parameter affecting the conversion 
efficiency, wherein, the higher incident light intensity results in higher generated 
photocurrent.  When a textured surface and/or an anti-reflection coating are used to 
enhance the performance of the solar cells, the reflectivity of the solar cell can be used 
to measure the quality of the textured surface and anti-reflection coating used.  A Si 
sample is normally scanned in the wavelength range between 300 and 1100 nm, i.e, the 
wavelength range absorbed by silicon [13].   
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Fig. 2-12 shows the two types of surface reflections.  In a specular reflection (2-
12a), caused by a smooth surface, i.e., mirror, the incident angle of light is equal to the 
angle of reflection.  In the diffuse reflection (2-12b), caused by a rough surface, the 
incident light is reflected at various angles.  Therefore, in this thesis, an integrating 
sphere was used during the reflectivity measurements to accurately measure all the 




Fig. 2-12.  Types of reflections: specular reflection – polished surface (a); 
diffuse reflection – rough surface (b). 
 
Fig. 2-13 shows the set-up used for the reflectivity measurements.  The 
integrating sphere rotates around the sample, and is able to record both reflection and 
transmission.   
In this thesis, reflectivity measurements were carried out for the nanocrystalline 
Si surfaces (Chapter 3 and 4).  Reflectivity spectra were recorded using a JASCO V-670 
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UV-Vis spectrometer attached to a JASCO automated absolute reflectance measurement 




Fig. 2-13.  Reflectivity measurement set-up apparatus (a) schematic (b) 
 
2-2-5 Photoluminescence spectroscopy 
 
Photoluminescence spectroscopy is a technique that can be used to determine the 
band-gap of a semiconductor [14].  Fig. 2-14 shows a summary of the 
photoluminescence process in semiconductors.  The semiconductor material is 
irradiated with a photon of energy hv, which is greater than the band-gap of the 
semiconductor material.  This result to an electron excited to the conduction band from 
the valence band.  The excited electron relaxes to the lowest unoccupied orbital in the 
conduction band before recombining with a hole in the valence band.   The electron-
hole pair recombination emits a photon which has an energy corresponding to the band-
gap of the semiconductor material [14].  Therefore, photoluminescence spectroscopy 
can be used to determine the band-gap of a semiconductor material.  Photoluminescence 
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spectroscopy can also be used for the determination of defect states and other 
recombination mechanisms [15] present in the semiconductor sample since the defect 




Fig. 2-14.  A summary of the photoluminescence process in semiconductors. 
 
In this thesis, photoluminescence spectroscopy was used to determine the band-
gap widening of Si after the production of nanocrystalline Si (Chapter 3).  
Photoluminescence (PL) spectra were measured using a JASCO CT100GD grating 
spectrometer and a photomultiplier tube at room temperature.  The excitation light 
source was a 325 nm He-Cd laser.   
 
2-2-6 Electron Microscopy (EM) – Scanning Electron Microscopy 
(SEM) and Transmission Electron Microscopy (TEM) 
 
In 1930’s, the limit in optical microscopes, which could magnify specimens only 
up to x500 or x1000 and a resolution of 0.2 μm, had been reached.  However, higher 
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magnifications of around x10K was needed to see the finer details in organic cell 
structures, i.e., mitochondria, nucleus, etc. The Transmission Electron Microscope 
(TEM), the first type of Electron Microscope (EM) was developed in 1931 by Max 
Knoll and Ernst Ruska, which was modeled exactly like that of a optical microscope 
except that instead of using light, a focused beam of electrons was used.  The first 
Scanning Electron Microscope (SEM) was introduced in 1942, while the first 




Fig. 2-15.  Different effects produced by bombardment of a material with 
electrons. 
 
Electron microscopes work very much like optical microscopes, however 
instead of light, electron beams are irradiated on the sample to gain information, i.e., 
structure, composition, etc.  Electrons microscopes work as follows:  (1) electrons are 
produced in an electron gun at high vacuum, (2) these electrons are then accelerated 
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towards the sample having a positive electrical potential, (3) the electrons hit the 
sample, and depending on the interaction with the sample, (4) electrons are detected and 
images are formed.   
Fig. 2-15 shows the different possible interactions of incident electrons with a 
thin specimen.  In SEM [17], the secondary and back-scattered electrons emitted from 
the surface by excitation of the primary beam are detected and converted to an image.  
Fig. 2-16 shows the schematic of a typical SEM set-up.  Electrons are produced from an 
electron source, and these electrons are guided to the sample by the objective lens and 
scan coils.  Once the primary electrons hit the sample, electrons in the specimen are 
excited and may undergo elastic and inelastic collisions until the electrons escape the 
surface, i.e., if the electrons still have sufficient energy. These electrons are called the 
secondary electrons and are collected in a photomultiplier which is then converted to 
images.  However, electrons originating from the primary electrons can also be reflected 
back from the surface.  These high-energy electrons are called the back-scattered 
electrons.  Secondary and back-scattered electrons are distinguished from each other 
according to their energies.  Secondary electrons are typically electrons emitted from 
the surface having energies less than 50 eV, while back-scattered electrons are electrons 
typically having energies greater than 50 eV.  In SEM, electrons can penetrate a small 
depth on the surface, making it suitable for surface topography determination [18].   
In this thesis, the surface structure of the nanocrystalline Si was determined by 
SEM (Chapter 3 and 4).   SEM micrographs were taken using a HITACHI S-2150 
microscope with the incident electron energy of 20 keV, while, field emission scanning 
electron micrographs (FE-SEM) were measured using a JSM-6335F with the incident 






 Fig. 2-16.  Schematic of a typical Scanning Electron Microscope (SEM).   
 
In TEM [16], unscattered and elastically scattered electrons are detected to form 
an image.  Fig. 2-17 shows the schematic of a typical TEM set-up.  As with the SEM, 
primary electrons are produced in an electron gun, and these electrons are guided to the 
thin specimen by the scan coils and objective lens.  However, once the electrons hit the 
thin specimen, the electrons can pass through it without any interactions and these 
electrons are called the transmitted or unscattered electrons.  The transmission of 
unscattered electrons is inversely proportional to the specimen thickness.  Therefore, 
thicker areas in a specimen will appear to be darker while thin areas will appear lighter.  
Primary electrons hitting the sample may also be deflected by the atoms present in the 
thin specimen without any energy loss (elastic) and these electrons are called scattered 
electrons.  After scattering, the electrons will then just be transmitted through the thin 
specimen.  The primary electrons scattered by the same atomic spacing will also be 
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scattered at the same angle.  Therefore, TEM can also determine information such as 
crystal orientation, atomic arrangements in addition to structural determination.   
In this thesis, cross-sectional TEM was employed to determine the cross-
sectional structure of the nanocrystalline Si surface (Chapter 3 and 4) and the crystal 
sizes (Chapter 3).  TEM micrographs were taken using a JEOL EM-3000F microscope 




Fig. 2-17.  Schematic of a typical Transmission Electron Microscope (TEM).   
 
 2-2-7 Solar simulator and current-voltage (I-V) measurements  
 
After the production of solar cell devices, they are tested for its efficiency and 
other key solar cell parameters.  A solar simulator provides an artificial solar energy 
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source to determine the efficiency and other key solar cell parameters of a solar cell.  
However, the solar spectrum varies by location, time of the day, season, etc.  Therefore, 
a standard reference spectrum is needed in order to compare the performances of 
different solar cell devices. 
The solar power density of the sun just outside the earth’s atmosphere, referred 
to as air mass 0, AM0, has an integrated power density of 1353.1 W/m2.  However, 
when the sun light passes through the earth’s atmosphere, the light is absorbed and 
scattered by the gases present in the atmosphere.  In the infrared region, light is 
absorbed mainly by atmospheric water vapor (H2O) and carbon dioxide (CO2), while in 
the ultraviolet region, light is mainly absorbed by nitrogen (N2), ozone (O3) and oxygen 
(O2) [20].  Therefore, the solar power density is reduced in the earth’s surface.  The air 





       (2-13) 
 
where θ is the angle from the surface normal.  When the sun is directly overhead the 
earth’s surface (θ = 0), air mass = 1 (AM1).  However, solar panels do not operate at 
AM1 due to the curvature of the earth’s atmosphere.  To approximate the earth’s yearly 
average sunlight, and to provide a standard for solar cell measurements, θ = 48.2 is used 
corresponding to AM1.5, and has an integrated power density of 1000 W/m2. 
Fig. 2-18 shows the standard solar spectrum vs. the solar simulator power 
density used for this thesis.  The lamp used was a Xe short-arc lamp, due to its high 
intensity and having a spectral distribution close to sunlight.  However, some emission 
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lines can be observed in the infrared regions, therefore, filters were also used to reduce 




Fig. 2-18.  Standard solar spectrum vs. the solar simulator power density used. 
 
The schematic of the solar simulation measurements used for this thesis is 
shown in Fig. 2-19.  The solar cell sample is irradiated with the light coming from the 
Xe short-arc lamp, while the applied voltage and current measurements were provided 
by the DC voltage/current source (ADVANTEST R6245).  The intensity of the light was 
calibrated against a standard (1000 W/m2) at the start of every measurement.  The 
current-voltage measurements employed the four-point probe method, in which, the 
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voltage was applied between two probes while the current was measured by the other 




Figure 2-19.  Schematic of the solar simulation measurements. 
 
 2-2-8 Calculation of the solar cell efficiency 
 
A solar cell device behaves like a diode in the dark, i.e., a high density current 
flows only under forward bias (V > 0).  For an ideal diode, the dark current density 




)1( )/ −= TkqVodark BeJJ
     (2-14) 
 
where Jo is the reverse saturation current, q is the electronic elementary charge, kB is the 
boltzmann’s constant and T is the temperature in K.   
Under illumination, the total current density can be approximated as the sum of 
the dark current density and the photocurrent, Jph (2-15). 
 
darkph JJJ −=        (2-15) 
 
This convention means that the photocurrent will have positive values as shown in Fig. 
2-19a.  Substituting (2-14) to (2-15) results to 
 
)1( )/ −−= TkqVoph BeJJJ      (2-16) 
 
When the contacts are isolated, the potential difference reaches its maximum value, 




















Fig. 2-20.  Solar cell current-voltage curves showing the light and dark currents 
(a) and the maximum power density (b).  
 
The solar cell operates at forward bias, in the range between 0 and Voc, where 
the solar cell can deliver power.  The incident photon power density, P is represented by  
 
JVP =
        (2-18) 
 
At a certain operating point, the solar cell has its maximum power density, which occurs 
at some voltage (Vm) and current density (Jm) as shown in Fig. 2-20b.  The fill factor 









The FF is the ratio of the maximum power density of the solar cell to the product of Jsc 
and Voc.  The FF determines the “squareness” of the J-V curve as shown in Fig. 2-20b, 
i.e., the higher the area of the rectangle inside the J-V curve, the higher the FF.   
The efficiency, η of the solar cell is the ratio of the maximum power density to 







        (2-20) 
 







       (2-21) 
 
Jsc, Voc, FF and η are the key solar cell parameters.  In this thesis, these parameters will 
be defined together with the solar cell current-voltage curves.    
 However, in practical solar cells, the dark current does not obey the ideal diode 
equation (2-22).  The non-ideal behavior is approximated by introducing an ideality 
factor, n, in the ideal diode equation.  The ideality factor can be used to measure the 




)1( )/ −= Tnkqvodark BeJJ       (2-22) 
 
The ideality factor, n, can be 1, corresponding to diffusion current or, 2, 
corresponding to recombination current.  Fig. 2-21 shows the voltage dependence of the 
dark current.  At lower voltages, the dark current is dominated by the recombination 
current, n = 2, while at higher voltages, the dark current is dominated by the diffusion 
current, n = 1.  In Fig. 2-21, the recombination current is dominant at the voltage of the 
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Ultra-low Reflectivity Si Surfaces Fabricated by 
















For achievement of high efficiencies by crystalline Si solar cells, the formation 
of low reflectivity Si surfaces is indispensable.  The conventional method to decrease 
the reflectivity of Si surfaces employs fabrication of mat-textured surfaces using 
anisotropic alkaline etching [1].  Strong alkaline solutions such as sodium hydroxide 
(NaOH) and potassium hydroxide (KOH) plus e.g., isopropanol causes anisotropic 
etching based on the lowest etching rate of Si(111) surfaces [2] because of the most-
closely packed structure, leading to the formation of pyramidal structure which consists 
of (111) surfaces.  However, the pyramidal structure is not so sharp, and hence incident 
light reflected twice at the Si surfaces goes out, resulting in insufficiently low 
reflectivity in the range between 10 and 20 % [3].  Therefore, anti-reflection coating is 
necessary to obtain lower reflectivity, but its formation is time- and cost-consuming, and 
reflectivity only in the limited wavelength and incident angle regions becomes low.  In 
the case of poly-crystalline Si (poly-Si) solar cells, anisotropic alkaline etching cannot 
form uniform textured surfaces because of the presence of various surface orientations, 
and acid etching using nitric acid (HNO3) plus hydrofluoric acid (HF) is usually 
employed to form rough surfaces [4].  However, the reflectivity is higher (i.e., ~20 %) 
than that of mat-textured surfaces on single crystalline Si. 
Porous Si layer can be formed by use of metal particles to drastically decrease 
the Si surface reflectivity [5,6].  When Si substrates with metal particles such as Ag [5] 
and Pt [6] are immersed in HF plus hydrogen peroxide (H2O2) solutions, etching of Si 
occurs at the contact points of metal particles with Si, and consequently, metal particles 
move into the Si substrates, resulting in the pore formation.  Due to the production of 
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the porous Si layer, the surface reflectivity greatly decreases.  However, there are 
following disadvantages in application of this method to Si solar cells: i) metal particles, 
which seriously degrade solar cell performance because of formation of energy states in 
the Si band-gap, and thus act as electron-hole recombination centers, cannot be 
collected and removed completely, ii) the method is time-consuming, iii) the method is 
difficult to apply to large size (cf. 15 × 15 cm2) solar cells, iv) properties of the porous 
Si layer such as depth and direction of pores cannot be well controlled. 
Recently, a method has been developed to fabricate low-reflectivity Si surfaces, 
in which a mold with a catalytic Pt layer is contacted with Si immersed in H2O2 plus HF 
solutions [7].  When the mold possesses a pyramidal structure, inverted pyramidal 
structure is formed on Si surfaces, resulting in a reflectivity slightly lower than that of 
the mat-textured surfaces.  Using this method, however, the reflectivity of large Si areas 
cannot be made low because the solutions are supplied to Si surfaces only from the edge 
regions of the contacted specimens. 
In this chapter, a method was developed for the formation of ultra-low 
reflectivity Si surfaces.  When a Pt mesh is contacted with Si wafers immersed in H2O2 
plus HF solutions, the mesh structure is instantaneously transferred to the Si surfaces 











The procedure of the developed surface structure chemical transfer (SSCT) 
method is schematically shown in Figure 3-1.  Boron-doped polished p-type Si(100), 
Si(111) and poly-Si wafers were immersed in 15 wt% H2O2 plus 25 wt% HF solutions 
at room temperature, and the wafers were contacted with a Pt mesh (Figure 3-1 inset) 
attached to a roller at the rate of ~3 cm/s, and therefore, 6 inch wafers could be treated 
in less than 10 s.  Figures 3-2a and 3-2b show the black Si(100) and polycrystalline Si 
specimens after the SSCT method, respectively. Note that some areas in the Si wafers 
didn’t turn black due to the non-contact with the Pt mesh during the rolling procedure. 
Scanning electron micrographs (SEM) were measured using a HITACHI S-2150 
microscope with the incident electron energy of 20 keV.  Transmission electron 
micrograph (TEM) measurements were carried out using a JEOL EM-3000F 
microscope with the incident electron energy of 300 keV.  Photoluminescence (PL) 
spectra were measured using a JASCO CT100GD grating spectrometer and a 
photomultiplier tube at room temperature.  The excitation light source was a 325 nm 
He-Cd laser.  Reflectance spectra were recorded using a JASCO V-570 spectrometer 
with an integrating sphere.  Minority carrier lifetime was determined by microwave 













Fig. 3-1.  Procedure of the SSCT method. 
 
             
 





3-3 Results and Discussion 
 
3-3-1 Surface structure chemical transfer on various Si surfaces 
 
Fig. 3-3a – 3-3c show the Si(100), Si(111), and polycrystalline Si surfaces, 
respectively, after the SSCT method.  It was observed that the structure of the mesh was 
transferred onto the surface of the Si wafers.  Regardless of the surface orientation, the 
chemical transfer reaction of the mesh structure can be carried out.  The surface 
structure chemical transfer reaction was previously observed to occur by the following 
chemical reactions [8]:  
 
OOHOH +→ 222        (3-1) 
 22 SiOOSi →+         (3-2) 
OHSiFHHFSiO 2622 26 +→+      (3-3) 
 
First, H2O2 decomposes at the Pt surface producing O atoms (3-1).  The 
generated O atoms easily react with Si due to the low activation energy for Si oxidation 
(3-2).  Finally, the formed SiO2 is immediately etched by HF (3-3).  Oxidation of Si by 
H2O2 was previously determined to be the rate-determining step [8].  However, the 
activation energy of the Si oxidation is low, resulting to the Si oxidation occurring at a 
high rate. As a result, the transfer of the mesh structure onto the surface can be carried 
out at room temperature unlike the reaction for the formation of pyramidal textured 







Fig. 3-3.  Micrographs of the Si(100) (a), Si(111) (b) and polycrystalline Si (c) 
surfaces after the SSCT method. 
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3-3-2 Ultra-low reflectivity Si(100) and poly-Si surfaces produced 
by the SSCT method 
 
Fig. 3-4 shows the reflectivity of the Si(100) surface before and after the SSCT 
method.  The reflectivity of the mirror Si(100) surface was observed to be in the range 
of 40 and 80% in the 300 – 800 nm wavelength region (curve a).  After the SSCT 
method, the reflectivity was greatly reduced to a range of 2 and 4% (curve b), which 
was much lower than that of single crystalline pyramidal-textured Si surfaces formed by 




Fig. 3-4.  Reflectance spectra of the Si(100) surfaces before (a) and after (b) the 
SSCT method.  Reflectance spectrum of the pyramidal-textured Si surfaces 




Fig. 3-5, on the other hand, shows the reflectivity of the poly-Si before and after 
the SSCT method.  The reflectivity of the as-sliced poly-Si surface was observed to be 
in the range 35 – 70% in the 300 – 800 nm wavelength region (curve a).  After the 
SSCT method, the reflectivity was greatly reduced to a range of 2.5 – 4.5% which was 




Fig. 3-5.  Reflectance spectra of the polycrystalline Si surfaces before (a) and 
after (b) the SSCT method.  Reflectance spectra of an acid etched polycrystalline 
Si surface formed is shown by curve (c) for reference. 
 
In the reflectivity measurements, an integrating sphere was used to collect 
scattered light.  Therefore, the ultra-low reflectivity is not due to surface roughness but 




3-3-3 Si nanostructures formed after the SSCT method 
 
The ultra-low reflectivity for the SSCT treated Si surfaces as shown in Figs. 3b 
and 3-5b cannot be attributed to the transfer of the mesh structure. The structure formed 
by the mesh pattern is not a steep structure and ~50% of the total Si surface remains flat 
after the chemical transfer reaction [18].  Therefore, the ultra-low reflectivity surfaces 
(i.e., between 2 and 4%) is attributed not to the mesh structure on the Si surface after the 
chemical transferring reactions, but to that of nanocrystalline Si produced by the 
electrochemical reaction caused by hole diffusion, as described below. 
After the SSCT method, the Si(100) surface and polycrystalline Si surfaces were 
found to possess nanometer scale roughness (Fig. 3-6a and 3-6b) due to the formation of 
nanocrystalline Si.  AFM measurements show the root-mean-square micro-roughness on 
the fabricated nanocrystalline Si surface was ~20 nm.  Figs. 3-6c and 3-6d show the 
cross-sectional TEM micrograph of the nanocrystalline Si layer for Si(100) and 
polycrystalline Si surfaces, respectively.  The thickness of the nanocrystalline Si layer 
was in the range between 100 and 150 nm. The diameter of a single Si nanocrystal 
shown in Fig. 3-6e is ~2.5 nm.  Unlike metal-assisted porous Si formation [5,6], no 
micropores and no metal particles are visible in the nanocrystalline Si layer, in contrast 
to porous Si formed by metal particles [5].  We have confirmed that the concentration of 
Pt on the Si surfaces was less than the detection limit of total reflection X-ray 










Fig. 3-6.  SEM micrograph of the Si(100) (a) and polycrystalline Si (b) 
nanocrystalline Si surface after the SSCT method.  Cross-sectional TEM 
micrograph of the nanocrystalline Si layer/Si(100) (c) and nanocrystalline Si 
layer/polycrystalline Si (d) structures after the SSCT method.   Cross-sectional 
TEM micrograph of a single nanocrystalline Si (e).   
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3-3-4 Formation mechanism of the ultra-low reflectivity 
nanocrystalline Si surface 
 
Figs. 3-7a and 3-7b show the proposed mechanism of the formation of ultra-low 
reflectivity nanocrystalline Si surfaces by the SSCT method.  The early-stage reaction 
and the subsequent reaction are shown in Figs. 7a and 7b, respectively.  In each case, 
decomposition of H2O2 proceeds at the surface of the Pt mesh (3-4): 
 
+−+ ++→+ hOHOHHOH 2222     (3-4) 
 
The acid dissociation constant for H2O2 of 11.8 is much higher than that for HF of 3.6, 
indicating that H+ ions included in the reaction come from HF.  Due to the high catalytic 
activity of Pt, this reaction occurs rapidly, resulting in formation of holes, h +, in Pt.  
The generated holes are injected to Si and diffuse to the Si surface, causing the 
following reaction of Si dissolution (3-5): 
 
++ ++→++ HHSiFHhHFSi 226 262    (3-5) 
 
Si dissolution is likely to proceed from places where holes are trapped, e.g., 
surface states, resulting in the formation of nanocrystalline Si in the surface region (Fig. 
3-7a).  The distance between the Pt wires of the mesh of ~60 µm is shorter than the hole 
diffusion length in Si, i.e., 100 - 300 µm.  Therefore, nanocrystalline Si is formed not 








Fig. 3-7.  Mechanism of the SSCT method: (a) early-stage reaction; (b) 
subsequent reaction after formation of a surface nanocrystalline Si layer. 
 
After the formation of the nanocrystalline Si layer in the surface region, the HF 
solution can penetrate through the spaces, and the nanocrystalline Si layer becomes 
thicker (Fig. 3-7b).  With this formation mechanism (i.e., reaction starting from the Si 
surface), the porosity of the nanocrystalline Si layer is high near the surface and 
decreases with the depth.  Consequently, the refractive index is low near the surface, 
and continuously increases with the depth.  Fig. 3-8a shows a graded porosity structure 
model, wherein the refractive index continuously increases from the surface (n1) to near 
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the bulk Si (nN).  The ultra-low reflectivity indicates that the refractive index of the 
nanocrystalline Si layer near the surface (n1) is close to the air (i.e., 1) and that near the 
crystalline Si (nN) is close to that of Si (i.e., 3.8 – 4.5), which prevents light reflection 
both at the air/nanocrystalline Si and nanocrystalline Si/crystalline Si interfaces.   
The dimensions of the nanocrystalline Si is much smaller than the wavelength of 
light, therefore, the relationship between the reflectivity of the surface and refractive 





















R      (3-6) 
 
where %R is the reflectivity of the surface, nj and nk are two adjacent layers with 
different refractive indices.  Figs. 3-8b and 3-8c show the refractive index vs. depth 
model plots for a crystalline Si surface and a nanocrystalline Si/Si structure, 
respectively.  For a crystalline Si surface, the refractive index drastically changes from 
air (i.e., 1) to Si (i.e., 3.8 – 4.5), thus resulting in high reflectivities (i.e., above 40%) as 
shown in Figs. 3-4a and 3-5a.  On the other hand, for the nanocrystalline Si/Si structure, 
it is shown that the surfaces possess ultra-low reflectivities (i.e. between 2 and 4%).  If 
we assume that most of the reflections occur at the air/nanocrystalline Si interface, and 
that the refractive index continuously increases along the nanocrystalline structure, the 
refractive index of the nanocrystalline Si at the air/nanocrystalline Si interface is 
estimated to be in the range between 1.3 and 1.5 (corresponding the reflectivities 










Fig. 3-8.  Graded porosity structure (a) model.  Plot of the refractive index vs. 
depth for: a crystalline Si surface (b); and a nanocrystalline Si/Si structure (c) 
assuming that most of the reflections occur at the air/nanocrystalline Si 






                                          
 
Fig. 3-9.  Mechanism of light reflection by pyramidal textured (a), and 
nanocrystalline Si (b) surfaces.   
 
Fig. 3-9. shows the mechanism of light reflection by pyramidal textured and 
nanocrystalline Si surfaces.  In a textured surface, light can hit the surface twice; 
however, the %R of light at each reflection is still above 40%.  In a nanocrystalline Si 
surface, there is no large difference between the refractive index or air and 
nanocrystalline Si interface.  The refractive index of the nanocrystalline layer gradually 





3-3-5 Photoluminescence of nanocrystalline Si  
 
Fig. 3-10 shows the PL spectrum of the nanocrystalline Si layer.  A strong visible 
PL peak was observed at ~670 nm (1.85 eV) with the full width at half maximum of 
~150 nm, which was similar to previous studies for nanocrystalline Si [8-12] and porous 




Fig. 3-10.   Photoluminescence spectrum for the nanocrystalline Si layer formed 
on the Si surface after the SSCT method. 
 
In particular, the relationship between the PL peak energy and the size of 
nanocrystalline Si (Fig. 3-6e) is in good agreement with those reported in the previous 
studies on nanocrystalline Si embedded in SiO2 [10,11] and hydrogen-terminated 
nanocrystalline Si [12].  Therefore, it is highly probable that the PL peak arises from 
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band-to-band transition for nanocrystalline Si whose band-gap is widened due to the 
quantum-size effect [15].  On the other hand, there is a possibility that the layer consists 
of nanocrystalline and amorphous phases, in analogy to previous literature [16,17].  
Therefore, it cannot be excluded that the PL emission results from an efficient band-gap, 
i.e., an average between the band-gap of the different phases, or from the amorphous 
phase within the layer. 
 
3-3-6 Minority carrier lifetime of Si surface after the formation of 
nanocrystalline Si 
 
Fig. 3-11 shows the minority carrier lifetime of the Si wafers.  Only on the 
square region shown by the dotted lines in the figure, the nanocrystalline Si layer was 
formed by the SSCT method.  It is clearly seen that the minority carrier lifetime of the 
non-contacted region was ~1 µs and it increased to ~5 µs after the SSCT method.  
Optimizing the surface passivation method of the Si surfaces, i.e., I2 passivation, the 
minority carrier lifetime of ~36 µs was achieved.  The effective minority carrier lifetime 





      (3-7) 
 
where, τeffective is the effective minority carrier lifetime, τbulk is the bulk lifetime and 






Fig. 3-11.  Minority carrier lifetime for the Si surface on which a nanocrystalline 
Si layer is formed by the SSCT method in the area denoted by the dotted lines. 
 
Assuming that the Si bulk lifetime is 36 µs, the surface and interface lifetime 
after the SSCT method is estimated to be ~6 µs from the observed effective lifetime.  
On the other hand, the observed effective minority carrier lifetime of the Si wafer after 
the HF treatment is only ~1.5 µs and the surface lifetime is estimated to be ~1.6 µs.  
These results clearly show that the minority carrier lifetime of the surface and the 







3-3-7 Band-gap widening of the nanocrystalline Si 
 
Fig. 3-12a shows the band-gap energy for the crystalline Si and the 
nanocrystalline Si after the SSCT method.  The band-gap energy of 1.8 eV was 
approximated from the PL peak of 670 nm. Fig. 3-12b shows a band energy diagram for 




                         
        
Fig. 3-12.  Band-gap energy of: crystalline Si; and nanocrystalline Si after the 
SSCT method (a). Minority carriers being repelled at the crystalline 




When the nanocrystalline Si is produced from a crystalline Si, the band-gap 
energy widens forming an energy barrier at the crystalline Si/nanocrystalline Si 
interface.  Due to the band-gap widening, it is possible that minority carriers are 
repelled at the crystalline Si/nanocrystalline Si interface, leading to suppression of 
electron-hole recombination.  The suppressed electron-hole recombination at the 
crystalline Si/nanocrystalline Si interface leads to the increase in minority carrier 




















A simple method for the fabrication of ultra-low (i.e., 2~4%) reflectivity Si(100) 
and polycrystalline Si surfaces has been developed using the SSCT method which 
simply involves contact of a Pt mesh with a Si wafer immersed in H2O2 plus HF 
solutions.  The ultra-low reflectivity results from formation of a nanocrystalline Si layer 
of 100~150 nm thickness.  The nanocrystalline Si layer gives a PL peak at ~670 nm, and 
recombination of electron-hole pairs at the nanocrystalline Si/Si interface and the 
air/nanocrystalline Si interface is suppressed by enlargement of the nanocrystalline Si 
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Ultra-low Reflectivity Nanocrystalline Si Solar 


















In chapter 3, a simple method to produce ultra-low reflectivity Si surfaces by the 
surface structure chemical transfer method was introduced.  In this chapter, solar cells 
were produced from the ultra-low reflectivity Si surfaces produced by SSCT. 
The PERL structure solar cell, greatly reducing both reflection and 
recombination losses and having a conversion efficiency of 25% [1] is the highest ever 
recorded for a single crystal Si solar cell. The inverted pyramid structure together with 
the double layer anti-reflection coating produced a very high photocurrent density of 
42.2 mA/cm2 under AM1.5 1000 W/m2 irradiation. However, due the very complicated 
structure, commercial production is not feasible as a result of the very high cost. The 
high reflectivity of Si arises from its high refractive index in the 300 nm – 1100 nm 
wavelength regions [2]. Due to this, less photo-generated electron-hole pairs are 
produced leading to low conversion efficiencies.    
Low reflectivity nano-porous Si surfaces can be produced by the metal-assisted 
chemical etching of Si [3-4]. Noble metals such as Pt, Au, or Ag [6-7] are deposited on 
the Si surface and subsequently etched in solutions containing oxidants such as H2O2, 
HNO3,etc. plus HF solutions. However, the nano-porous structure produced after the 
metal assisted etching cannot form a pn-junction due to the uncontrolled direction of the 
pores [8-9], and as a result, there is a need for an additional KOH / TMAH etch after the 
metal assisted etching which increases the reflectivity to above 10% [10].  Other 
disadvantages for the metal-assisted etching of Si are: 1) metal particles which seriously 
degrade solar cell characteristics reside in Si (Fig. 4-1) [7], 2) difficulty in application to 
large size (i.e., 6 inches) Si wafers, and 3) time-consuming.   
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In this chapter, solar cells were produced from the ultra-low reflectivity Si(100) 
and polycrystalline Si surface after the SSCT method. It was observed that the 




Fig. 4-1. The metal-assisted etching of Si.  The metal particles residing at the 















Single crystalline Si and polycrystalline p-type Si wafers were used for the 
production of solar cells.  For the single crystalline Si solar cells, polished boron-doped 
Si(100) czochralski (CZ) wafers with resistivities of 7-11 Ω·cm wafers were used; while 
for the polycrystalline Si solar cells, saw-damage removed (as described in Chapter 2) 
as-sliced boron-doped polycrystalline Si wafers with resistivities of 1-20 Ω·cm were 
prepared.  
Field emission scanning electron micrographs (FE-SEM) were measured using a 
JSM-6335F with the incident electron energy of 20 keV.  Transmission electron 
micrograph (TEM) measurements were carried out using a JEOL EM-3000F 
microscope with the incident electron energy of 300 keV.  Reflection spectra were 
recorded using a JASCO V-670 UV-Vis spectrometer attached to a JASCO automated 
absolute reflectance measurement ARMN-735 accessory.  Sheet resistances were 
measured using a four-point probe after the formation of the pn-junction.  Solar cell 
characteristics were measured using a solar simulator at AM1.5 1000 W/m2. 
 
4-2-1 Solar cell production process sequence 
 
Fig. 4-2a summarizes the solar cell production process.  First, the Si wafers were 
cut into 5cm x 5cm squares.  The Si wafers were then cleaned by the standard RCA 
cleaning method as described in chapter 2.  Ultra-low reflectivity Si surfaces were then 
fabricated by the SSCT method as described in chapter 3.   The 5cm x 5cm square 
wafers were then further cut into 2.5cm x 2.5cm square wafers.  pn-junction was then 
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formed from the 2.5cm x 2.5cm square wafers by the use of a commercial phosphorus 
dopant solution, and will be described in the next section.  The p+-region was formed by 
co-diffusing a boron source together with phosphorus [11-12].  Diffused phosphorus 
around the edges was then removed by mechanical sawing, to electrically isolate the cell 
front region from the rear cell region.  Finally, ~1 μm Ag and Al electrodes were formed 
using the thermal evaporation method as the front and rear contacts.  The solar cells 
produced, had an area of 2.5cm x 2.5cm.  Fig. 4-2b shows the structure of the 
nanocrystalline Si solar cell.  It must be noted that the solar cells didn’t have any anti-




Fig. 4-2.  The solar cell production process sequence (a) and the final structure 




 4-2-3 Nanocrystalline Si doping process 
 
The doping process for the nanocrystalline Si is shown in Fig. 4-3.  The 
phosphorus dopant source, commercial phosphorus pentoxide (P2O5) in silica and 
organic solution (5 wt% P2O5, TOK, EPLUS-SC913) [13] was spread directly onto the 
nanocrystalline Si surface and was immediately spun at 3000 rpm for 30s.  The dopant 
source was then oxidized at 600°C, forming a phosphosilicate glass (PSG) layer on the 
nanocrystalline Si.  Phosphorus was then diffused through the nanocrystalline Si layer 
by increasing the temperature between 850 and 1000°C.  The remaining PSG layer was 









4-3 Results and discussion 
 
4-3-1 Nanocrystalline Si reflectivity after the formation of pn-
junction 
 
 Fig. 4-4 shows the reflectivity of the nanocrystalline Si surface from Si(100) 
fabricated by SSCT before and after the formation of pn-junction.  The reflectivity of 
the nanocrystalline Si surface before the formation of pn-junction was between 2 and 
4% in the 300 – 800 nm wavelength regions (curve a).  However, after the formation of 
pn-junction, the reflectivity was slightly increased to a range between 3 and 7% (curve 
b).   
 
 
Fig. 4-4.  Reflectance spectra of the nanocrystalline Si from Si(100) fabricated 
by the SSCT method before (a) and after (b) the formation of pn-junction. 
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4-3-2 Nanocrystalline Si structure after formation of pn-junction  
 
Fig. 4-5a and 4-5b shows the SEM micrograph of the nanocrystalline Si surface 
from Si(100) fabricated by the SSCT method before and after the formation of pn-
junction, respectively.  Figs 4-5c and 4-5d show the cross-sectional TEM micrograph of 
the nanocrystalline layer before and after the formation of pn-junction, respectfully.  It 
can be observed from the SEM micrographs that the surface still possesses 
nanocrystalline Si layer even after the formation of pn-junction.  However, in the cross-
sectional TEM micrographs, it can be observed that the thickness of the nanocrystalline 
Si layer was reduced by a few tens of nm after the formation of pn-junction.   
 During the formation of the pn-junction, the dopant source was oxidized to 
produce a PSG layer [14].  Therefore, it is possible that a surface portion of the 
nanocrystalline Si was also oxidized during the formation of PSG.  During the PSG 
etching, the oxidized nanocrystalline Si region was also etched off together with the 
PSG layer [15].  This explains the decrease in the nanocrystalline Si thickness after the 
formation of pn-junction and PSG etching.  The etching of the topmost nanocrystalline 
Si region may result in the removal of the low refractive index layer, as shown in 












Fig. 4-5.  SEM micrograph of the nanocrystalline Si surface from Si(100) 
fabricated by the SSCT method before (a) and after (b) the formation of pn-
junction. Cross-sectional TEM micrograph of the nanocrystalline Si/Si structure 
from Si(100) fabricated by the SSCT method before (c) and after (d) the 








 4-3-3 Nanocrystalline Si pn-junction formation 
  
 Fig. 4-6 shows the sheet resistance of the nanocrystalline Si surface at varying 
diffusion temperatures with a fixed diffusion time of 10 min.  The sheet resistance 
decreased from ~1200 Ω/square to ~65 Ω/square as the diffusion temperature was 
increased from 850°C to 950°C.  When the temperature is increased, the diffusion 
coefficient of the P-dopant atoms is also increased [16]. Therefore, more P-dopant 
atoms can diffuse through the nanocrystalline layer as the temperature is increased 




Fig. 4-6.  Sheet resistances of the doped nanocrystalline Si/Si structure at 




 Fig. 4-7 shows the changes in sheet resistance for both nanocrystalline Si/Si and 
single crystalline Si specimens at a fixed diffusion temperature of 950°C in varying 
diffusion times. It can be observed that for both nanocrystalline Si/Si and single 
crystalline Si, the sheet resistance decreased as the diffusion time was increased from 10 
min to 60 min. This is due to the formation of a thicker n-layer as the diffusion time is 
increased. However, it can also be observed that the sheet resistance of the 
nanocrystalline Si is lower than that of the single crystalline Si at any given doping 
condition. These results suggest that the diffusion mechanism of P-dopant atoms is 
different from a nanocrystalline Si surface as compared to a crystalline surface. 
Formation of the nanocrystalline Si surface leads to a significant increase in the surface 
area. Therefore, the P-dopant atoms diffuse from the entire area of the nanocrystalline Si 
layer and this surface-enhanced diffusion may lead to a higher concentration and thicker 








Fig. 4-7.  Sheet resistance of the doped single crystalline Si (a) and 
nanocrystalline Si/crystalline Si specimens (b) at various diffusion times.  The 
diffusion temperature was fixed to 950°C. 
 
 Fig. 4-8 shows the current-voltage characteristics of the nanocrystalline Si solar 
cells with various the sheet resistances.  Curves a, b, and c corresponds to sheet 
resistances of 1120 Ω/square, 160 Ω/square, and 65 Ω/square respectfully.  Curves a and 
b were observed to possess very low fill factors due to the very high series resistances.  
The high series resistance is the result of having high sheet resistances in the doped n-
region.  However, when the sheet resistance was decreased further to 65 Ω/square, the 
fill factor was increased due to the reduction of the series resistance in the doped n-





Fig. 4-8.  I-V characteristics of the nanocrystalline Si solar cell with sheet 
resistances of 1200 Ω/square (a), 160 Ω/square (b) and 65 Ω/square (c).   
 
Table 4-1.  Solar cell parameters of nanocrystalline Si/crystalline Si structure at 
various sheet resistances. 
Solar cell VOC JSC FF % n 
 (V) (mA/cm2)   
1200 Ω/square 0.429 18.2 0.234 1.83 
160 Ω/square 0.480 30.9 0.253 3.75 
65 Ω/square 0.542 34.7 0.726 13.6 
\ 
4-3-4 High photocurrent density nanocrystalline Si solar cells 
 
The best nanocrystalline Si solar cells were produced at a diffusion temperature 
of 970°C for 10min. The sheet resistance was measured to be 60 Ω/square.  Fig. 4-9 
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shows the current-voltage characteristics of the Si(100) with and without the SSCT 
method.  Table 4-2 summarizes the Voc, Jsc, FF, and efficiency of the solar cells as 
shown in Fig. 4-9.  The 27.3 mA/cm2 photocurrent density of the solar cell without 
SSCT increased by 42% to 38.8 mA/cm2 after SSCT.  The 0.567 V open-circuit voltage 
of the solar cell with SSCT slightly increased from 0.561 V that of the polished Si(100).  
However, the fill factor for the solar cell with SSCT was observed to slightly decrease to 
0.754, as compared to 0.774 of a polished Si(100).  The 11.9% conversion efficiency of 
the solar cell without SSCT was observed to increase to 16.6%, i.e., an absolute increase 




Fig. 4-9.  I-V characteristics of the single crystalline Si solar cell with (b) and 





Table 4-2.  Characteristics of the single crystalline Si solar cells with and without the 
SSCT method. 
Solar cell sample VOC JSC FF % n 
 (V) (mA/cm2)   
Polished Si(100) 0.561 27.3 0.774 11.9 
 






Due to the ultra-low reflectivity of the nanocrystalline Si surface after the SSCT 
method, the nanocrystalline Si solar cell was able to generate a high photocurrent 
density.  The ultra-low reflectivity nanocrystalline Si surface can absorb more of 
incoming light resulting in production of more electron-hole pairs.  The production of 
more electron-hole pairs resulted in high photocurrent density.  The great increase in 
surface area [17-19] for the nanocrystalline Si was not observed to decrease the open 
circuit voltage, i.e., increase in surface recombination.  In chapter 3, it was observed that 
the minority carrier lifetime was increased after the production of the nanocrystalline Si 
surface.  The minority carrier lifetime greatly affects the open-circuit voltage, i.e., 10 
times increase in minority carrier lifetime results to a 30 mV increase in open-circuit 
voltage (to be discussed in chapter 5).  However, the effect of the band-gap widening 
and the great increase in minority carrier lifetime (i.e., from chapter 3) for a p-Si surface 
after the SSCT didn’t actually translate to a great increase in open-circuit voltage.  The 
total dark current is equal to the dark current of the front area and the back area.  
Without BSF, the dark current in the back area is greater than the dark current in the 
front area.  Therefore, the open-circuit voltage is determined by the dark current in the 
back area which explains the small increase in the open-circuit voltage after the SSCT.  
The slight decrease in fill factor might be due to series resistance arising from poor 
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Fig. 4-10.  I-V characteristics of the polycrystalline Si solar cell with (b) and 
without (a) the SSCT method.  
 
Fig. 4-10 shows the current-voltage characteristics of the polycrystalline Si with 
and without the SSCT method.  Table 4-3 summarizes the Voc, Jsc, FF, and efficiency of 
the solar cells shown in Fig. 4-10.  The short-circuit photocurrent density of the 
polycrystalline Si solar cells without SSCT increased from 21.5 mA/cm2 to 30.5 
mA/cm2 with the SSCT method, an increase of 42%.  However, both the open-circuit 
voltage and fill factor were observed to decrease from 0.550 V and 0.700, respectively, 
of the saw damage removed polycrystalline Si to 0.535 V and 0.655, respectively, after 
SSCT.  The solar cell conversion efficiency increased from 8.3% without SSCT to 
10.7% with SSCT, an increase of 29% and an absolute increase of 2.4%.    
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Table 4-3.  Solar cell parameters of the polycrystalline Si with and without the SSCT 
method. 
Solar cell sample VOC JSC FF % n 
 (V) (mA/cm2)   
Polycrystalline Si 0.550 21.5 0.700 8.3 
 
SSCT treated 








As with the SSCT treated single crystalline Si solar cells, the SSCT treated 
polycrystalline Si solar cells were also found to increase in the photocurrent density by 
42% as compared to without SSCT.  However, the open-circuit voltage and fill factor 
were observed to have significant decreases.  Phosphorus diffusion in polycrystalline Si 
may also occurs through the grain boundaries [20-21].  As shown in the earlier section, 
diffusion through the nanocrystalline Si/Si structure is surface enhanced as compared to 
a flat surface.  Therefore, the enhancement in phosphorus diffusion could have also 
increased the recombinations occurring at the grain boundaries resulting to a lower 
open-circuit voltage.  The decrease in fill factor might be due to series resistance arising 













 Simple structured solar cells without antireflection coating and BSF were 
produced from the ultra-low reflectivity Si surfaces fabricated by the surface structure 
chemical transfer method.  The solar cells produced were observed to generate high 
photocurrent density, i.e., 38.8 mA/cm2, a 42% increase as compared to without SSCT 
even in the absence of an anti-reflection coating.   The high photocurrent density was 
attributed to the production of more electron-hole pairs due to the absorption of more 
light.  The high photocurrent density leads to a high conversion efficiency of 16.6%, an 
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Changes in Minority Carrier Lifetime of 















Chapter 3 introduced a simple method to produce ultra-low reflectivity Si 
surfaces by the surface structure chemical transfer method.  And in chapter 4, solar cells 
were produced from the ultra-low reflectivity surfaces and were observed to generate a 
high photocurrent density due to the avoidance of reflection loss.  However, in order to 
achieve high efficiency solar cells, surface recombination must be greatly reduced.  
Therefore, surface passivation methods must be done in order to reduce the surface 
recombination and increase the photogenerated minority carrier lifetime.  In this 
chapter, minority carrier lifetime changes of H-terminated Si surfaces were investigated 
and the changes in the chemical species present on the Si surface due to surface 
oxidation in air. 
Study on initial oxidation of Si is of importance not only from an academic 
viewpoint but also for application to semiconductor products such as solar cells and 
LSI.  Semiconductor devices are usually fabricated using Si wafers after cleaning with 
the RCA method [1] followed by hydrofluoric acid (HF) etching.  HF-etching forms 
ideal hydrogenterminated Si surfaces (i.e., only mono-hydride, Si-H) in the case of 
Si(111), [2] while mono-, di- (Si-H2), and tri- (Si-H3) hydride species are produced on 
technologically more important Si(100) surfaces [3–5].  HF-etched Si(100) surfaces 
with Si-H2 and Si-H3 are less stable in air than Si(111).  Oxidation of HF-treated Si 
surfaces is enhanced by the presence of metal contaminants, more active species, 
defects, fluorineadsorbed sites, etc., [6,7].  Initial oxidation of HF-treated Si surfaces 
were investigated using Fourier transform infrared spectroscopy (FT-IR), X-ray 
photoelectron spectroscopy (XPS), Ultraviolet photoelectron spectroscopy (UPS), 
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etc.6–9 Chabal et al., [6] reported that when HF-treated Si(100) surfaces were kept in 
air, vibrational peaks due to SiH, SiH2, SiH(O)3, and SiH2(O)2 were observed, 
indicating that O atoms occupied back-bonds with Si-H bonds remaining on Si surfaces.  
Hirose et al., [7] also concluded that oxygen attacked Si back-bonds and surface Si-H 
bonds were still present after the oxygen attack.  The minority carrier lifetime strongly 
affects the electrical characteristics of semiconductor devices [10].  It is greatly 
decreased by the presence of defect states such as interface states [11,12].  In the case of 
solar cells, photovoltages are markedly influenced by the minority carrier lifetime [13]. 
To show how the minority carrier lifetime (τeff) affects the open-circuit 












TkV phBoc       (5-1) 
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where ni is the intrinsic carrier density, Dp is the hole diffusion coefficient, Dn is the 
electron diffusion coefficient, ND is the donor concentration, NA is the acceptor 
concentration, Lp is the hole diffusion length, and Ln is the electron diffusion length.  
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where,  
 
effnn DL τ=         (5-4) 
 
Therefore, as the minority carrier lifetime increases (decreases), the dark current density 
decreases (increases), and results in an increase (decrease) of the photovoltage.   
Combinations of equations (5-3) and (5-4) shows Voc increases by 30 mV with an 
increase in minority carrier lifetime by one order.  
Recombination of electron-hole pairs generated in the surface region proceeds at 
surface states, resulting in a decrease in the quantum efficiency of short-wavelength 
light, and thus in a decrease in the photocurrent density [14].  Recombination currents 
possess a large ideality factor, e.g., 2, [15] and thus, a fill factor is also decreased.  
In this chapter, changes of minority carrier lifetime for HF-treated Si surfaces 
with time kept in dry- and wet-air air have been investigated.  It was found that the 












Phosphorus-doped n-type Si(100) wafers with 1 ~ 10 Ω·cm resistivity were cut 
into 2.5 × 2.5 cm2 pieces and cleaned using the RCA method.  Then, the wafers were 
immersed in 0.5 wt% HF solutions for 2 min, followed by rinse with ultra-pure water.  
The HF-treated Si wafers were kept in air with the humidity of either 5 or 95% at room 
temperature.  Hereafter, air with 5 and 95% humidity is called dry-air and wet-air, 
respectively.   
Minority carrier lifetime of the Si wafers was determined from measurements of 
microwave reflectivity decay caused by 904 nm wavelength incident light with a carrier 
injection density of 1×1015/cm3 using a KOBELCO Wafer LTA-1510. XPS 
measurements were carried out using a VG Scientific ESCALAB 220i-XL spectrometer 
with a monochromatic Al Kα radiation source.  Photoelectrons were detected in the 
surface-normal direction.  Measurements of workfunction changes were performed by a 
contact potential difference method using a McAllister KP6500 Digital Kelvin Probe. 








5-3 Results and discussion 
 
 5-3-1 Changes in minority carrier lifetime in wet- and dry-air  
 
Figure 5-1 shows changes of the minority carrier lifetime for the HF-treated 
Si(100) specimens vs. the time kept in wet- (curve a) and dry-air (curve b).  The lifetime 
value of the Si wafers before HF treatment was 32 µs.  The initial lifetime measured 
after 5 min exposure to wet-air (∼78 µs) was higher than that to dry-air (∼63 µs).  In the 
initial stage, the lifetime decreased rapidly with time, followed by a slow decrease 
beyond 12 h. Over 20 h, the lifetime became almost constant.  The lifetime for the HF-
treated Si specimens in wet-air decreased more rapidly than that in dry-air.   
 
5-3-2 Changes in minority carrier lifetime in wet- and dry-air 
switched at 12 h 
 
Figure 5-2 also shows the lifetime changes vs. the time.  For curve a, the HF-
treated Si(100) specimens were kept in wet-air up to 12 h, and then the atmosphere was 
switched to dry-air.  The lifetime increased immediately after changing the atmosphere 
followed by a slow decrease.  In cases where the atmosphere was changed from dry-air 
to wet-air at 12 h (curve b), on the other hand, the lifetime decreased more rapidly up to 










Fig. 5-1.  Minority carrier lifetime of the HF-treated Si(100) surfaces vs. the 
period of time kept in wet-air (a) and dry-air (b).  Surface recombination 












Fig. 5-2.  Minority carrier lifetime of the HF-treated Si(100) surfaces vs. the 
period of time in the following atmospheres: (a) wet-air switched to dry-air at 12 
h; (b) dry-air switched to wet-air at 12 h.  Surface recombination velocity (SRV) 










5-3-3 XPS measurements in wet- and dry-air switched at 12 h 
 
Figures 5-3a and 5-3b show the normalized XPS spectra in the O 1s and Si 2p 
regions, respectively, for the HF-treated Si(100) surfaces.  The XPS peak areas were 
normalized to that of the Si substrate in the Si 2p region for each specimen.  Spectra A 
to F were observed at points A to F, respectively, in Figure 2.  Table 5-1 summarized 
the normalized peak areas for the hydroxyl groups (CSiOH) and bridge-backbonded O 
atoms (CSi-O-Si) in the O 1s region and the ratio of CSiOH/CSi-O-Si.  For the specimen kept 
in dry-air for 12 h (spectrum B), only one peak attributable to bridge-backbonded O 
atoms was observed in the O 1s region while other spectra were deconvoluted into two 
peaks at 533.1 eV and 532.1 eV due to O atoms in OH species and in Si-O-Si bridges, 
respectively [16,17].  It is easily inferred that O atoms in OH species are less negatively 
charged than those in Si-O-Si bridges because the electronegativity of hydrogen atoms 
(2.1) is higher than that of Si atoms (1.8), and therefore hydrogen atoms are less 
positively charged than Si atoms.  CSiOH and CSi-O-Si increased with exposure time.  
When the atmosphere was switched from wet- to dry-air at 12 h and kept in dry-air for 3 
and 9 h, the CSiOH/CSi-O-Si ratio decreased from 0.768 (spectrum A) to 0.713 (spectrum 
C) and 0.708 (spectrum D), indicating dominant formation of bridge-backbonded O 
atoms.  When the atmosphere was switched from dry- to wet-air at 12 h and kept in wet-
air for 3 and 9 h, the CSiOH/CSi-O-Si ratio increased from 0 (spectrum B) to 1.75 (spectrum 
E) and 2.45 (spectrum F), indicating dominant formation of OH species.  In the Si 2p 
spectra for 1 h exposure to wet-air, no peak was present in the higher energy region of 
the substrate Si 2p3/2 and 2p1/2 peaks.  When the exposure time was increased to more 
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than 12 h, a clear peak appeared at 104 eV in the Si 2p region for the spectra of C to F, 
and attributable to SiO2, i.e., an O atom bound to four Si atom [18,19].  From the area 
intensity ratio between the substrate peaks and the SiO2 peak, the SiO2 thickness was 




Fig. 5-3.  Normalized XPS spectra in the O 1s (a) and Si 2p (b) regions for the 
H-terminated Si(100) surfaces  The top, the second, the third, the fourth, fifth 
and the bottom spectra correspond to points A, B, C, D, and E, respectively, in 




TABLE 5-1.  Normalized XPS peak area and peak ratio of the SiOH and Si-O-Si 
species after deconvolution of the O 1s spectra. 
       sample CSiOH / CSi CSi-O-Si / CSi CSiOH / CSi-O-Si 
(A) 12 h wet 1.21 1.58 0.768 
(B) 12 h dry --- 1.38 0.000 
(C) 12 h wet      3 h dry 1.45 2.04 0.713 
(D) 12 h wet      9 h dry 2.24 3.17 0.708 
(E) 12 h dry      3 h wet 3.06 1.74 1.75 


















5-3-4 Discussion of minority carrier lifetime and XPS results 
 
The initial lifetime in wet-air is higher than that in dry-air.  Water is partially 
dissociatively adsorbed on Si, leading to formation of Si-H and Si-OH [23].  Therefore, 
it is very likely that adsorption of water on H-terminated Si surfaces causes replacement 
of Si-H to Si-OH (Figure 5-4b) without formation of Si dangling bonds, resulting in the 
higher lifetime.  On the other hand, oxygen adsorption requires the formation of strained 
Si-O-Si bonds on the surface (Figure 5-4a), probably resulting in the formation of 
surface Si dangling bonds.  From the above argument, it can be concluded that surface 
OH results in higher lifetime than surface O while backbonded OH lowers the lifetime 
more greatly than bridge-backbonded O.  These results indicate that Si wafers should be 




Figure 5-4. Surface chemical species present after ~5 min exposure in dry- (a) 




When the H-terminated Si surfaces are kept in air, the lifetime is greatly 
decreased with time.  The lifetime decrease is caused by attack of back-bonds by 
oxygen and water.  The faster decrease in wet-air is because OH species (Figure 5-5b) 
cannot form network structure, resulting in a high dangling bond density as reported for 
native oxide growth on HF-treated Si(111) [21,22] while O atoms (Figure 5-5a) can 
form network structure (i.e., SiO2), leading to a lower density of Si dangling bonds.   
 
       
 
Figure 5-5. Surface chemical species present after exposure over time in dry- (a) 
and wet-air (b). The dotted line represents the Si surface. 
 
When the atmosphere is switched from wet- to dry-air, the concentration of 
bridge-backbonded O (Figure 5-6a) increases (C in Table 5-1), accompanied with an 
increase in the lifetime (C in Figure 5-2).  By switching the atmosphere from dry- to 
wet-air, on the other hand, the rate of the lifetime decrease is enhanced (E in Figure 5-
2).  These results demonstrate that the density of defect states resulting from OH species 
inserted into the Si-Si backbonds (Figure 5-6b) is much higher than that from bridge-







Figure 5-6. Surface chemical species present after switching at 12 h from wet- to 
dry-air (a) and dry- to wet-air (b). The dotted line represents the Si surface. 
 
The chemical states of the Si surface changed during exposure to dry- and wet-
air, as described above.  This leads to changes in the surface recombination velocity 
which directly affects the minority carrier lifetime of the Si wafers.  The surface 

















where τeff is the effective lifetime, τbulk is the bulk lifetime, τS is the surface lifetime, d is 
the thickness of the Si wafer, D is the hole diffusion constant of ~12 cm2/s, and S is the 
surface recombination velocity.  The bulk lifetime, τbulk is estimated to be ~190 µs, 
assuming the iodine passivation completely eliminates surface recombination, and using 
this value, the surface recombination velocity, S, is calculated as shown in the vertical 
axis of Figures 5-1 and 5-2.   
 
 5-3-5 Workfunction changes in wet- and dry-air switched at 12 h 
 
Figure 5-8 shows the workfunction change of the HF-treated Si(100) surfaces 
vs. the period of time kept in air.  For curve a, the atmosphere was switched from wet- 
to dry-air at 12 h, and vice versa for curve b.  For both the curves, the workfunction 
initially decreased.  If replacement of surface Si-H to surface Si-OH or Si-O was the 
dominant reaction, the workfunction would increase because a net charge on OH and O 
is more negative than H on the surface (Figure 5-7a).  Inclusion of OH and/or O in the 
Si-Si backbonds (i.e., below the surface), on the other hand, decreases the workfunction 
(5-7b). The decrease in the workfunction indicates that insertion of OH and O in the Si-
Si backbonds is dominant over replacement of surface H to OH or O.  This mechanism 
is in good agreement with the FT-IR observation that by leaving HF-treated Si surfaces 







Figure 5-7. Workfunction changes in the presence of an electronegative chemical 
specie above (a) and below (b) the surface.  
 
When the atmosphere was switched from dry-air to wet-air, the workfunction 
increased (E in Figure 5-7).  Replacement of bridge-backbonded O to backbonded OH 
increases the workfunction, while that of surface O to surface OH decreases it.  
Therefore, it can be concluded that replacement in backbond sites is the dominant 
reaction.  By switching the atmosphere from wet-air to dry-air, the workfunction 
decreased more rapidly (plot a).  This result indicates that replacement of backbonded 
OH to bridge-backbonded O is dominant.  These mechanisms can also well explain the 














Fig. 5-8.  Workfunction changes of the HF-treated Si(100) surfaces in the 
following atmospheres: (a) wet-air switched to dry-air at 12 h; (b) dry-air 









The initial minority carrier lifetime of the H-terminated Si(100) was higher for 
Si surfaces exposed to wet-air than Si surfaces exposed to dry-air.  Surface Si-OH is 
formed in wet-air, while strained Si-O-Si is formed in dry-air.  When the H-terminated 
Si surfaces are kept in air, the minority carrier lifetime is decreased with time, due to the 
insertion of O and OH in Si-Si backbonds.  Bridge-backbonded O forms Si-O-Si 
network structure while backbonded OH does not, and therefore, the decrease in the 
minority carrier lifetime in wet-air is larger than that in dry-air.  On the other hand, 
surface O results in a lower lifetime than surface OH.  When the atmosphere is switched 
between dry-air and wet-air, formation of backbonded O (or OH) is the dominant 
reaction. 
 
(i) In wet-air:  Si-OH-bonds  no network formation  high dangling bond 
density   low minority carrier lifetime 
(ii) In dry-air: Si-O-Si  network formation  low dangling bond density  
high minority carrier lifetime  
(iii) For Si wafer processing: It is highly recommended that the Si specimens be 
kept in N2 ambient or processed immediately to prevent the 









[1] W. Kern and D. A. Puotinen, RCA Rev. 187 (1970) 
[2] G. S. Higashi, Y. J. Chabal, G. W. Trucks, and K. Raghavachari, Appl. Phys. 
Lett. 56, 656 (1990) 
[3] Y. J. Chabal, G. S. Higashi, K. Raghavachari, and V. A. Burrows, J. Vac. Sci. 
Technol. A7, 2104 (1989) 
[4] M. Nishida, M. Okuyama, and Y. Hamakawa, Appl. Surf. Sci. 79/80, 409 (1994) 
[5] G. F. Cerofolini, A. Giussani, A. Modelli, D. Mascolo, D. Ruggiero, D. 
Narducci, and E. Romano, Appl. Surf. Sci. 254, 5781 (2008) 
[6] F. Hirose, M. Nagato, Y. Kinoshita, S. Nagase, Y. Narita, and M. Suemitsu, 
Surf. Sci. 601, 2302 (2007) 
[7] X. Zhang, E. Garfunkel, Y. J. Chabal, S. B. Christman, and E. E. Chaban, Appl. 
Phys. Lett. 79, 4051 (2001) 
[8] G. F. Cerofolini, E. Romano, D. Narducci, P. Belanzoni, and G. Giorgi, Appl. 
Surf. Sci. 256, 6330 (2010) 
[9] M. Wilde, K. Fukutani, S. Koh, K. Sawano, and Y. Shiraki, J. Appl. Phys. 98, 
023503 (2005) 
[10] S. Rein, Lifetime Spectroscopy: A Method of Defect Characterization in Silicon 
for Photovoltaic Applications, Springer, Germany, 2005 
[11] Y. D. Kim, S. Park, J. Song,S. J. Tark, M, G. Kang, S. Kwon, S. Yoon, and D. 
Kim, Solar Energy Mater. Solar Cells, 95, 73 (2011) 
[12] C. L. Garrido, D. Stolik, J. Rodriguez, and A. Morales, Solar Ener. Mater. Solar 
Cells, 57, 239 (1999) 
 123 
 
[13] A. Datta, J. Damon-Lacoste, M. Nath, P. Rocai Cabarrocas, and P. Chatterjee, 
Mater. Sci. Eng. B159-160, 10 (2009) 
[14] A. Luque, and S. Hegedus, Handbook of Photovoltaic Science and Engineering, 
John Wiley and Sons, UK, (2011) 
[15] C.T. Sah, R.N. Noyce, and W. Shockley, Proc. Inst. Radio Engrs. 45, 1228 
(1957) 
[16] D. Briggs, and M.P. Seah, Practical Surface Analysis, Auger and X-ray 
Photoelectron Spectroscopy, Vol. 1, John Wiley & Sons, New York, (1990) 
[17] R.K. Schulz, and J.F. Evans, Appl. Surf. Sci. 81, 449 (1994) 
[18] K.-J. Kim, J.-S. Jang, and D.-W. Moon, Metrologia 43, L28 (2006) 
[19] S. Ichimura, A. Kurokawa, K. Nakamura, H. Itoh, H. Nonaka, and K. Koike, 
Thin Solid Films, 377-378, 518 (2000) 
[20] F.J. Himpsel, F.R. McFeely, A. Taleb-Ibrahimi, J.A. Yarmoff, and G. Hollinger, 
Phys. Rev. B 38, 6084 (1988) 
[21] H. Angermann, Th. Dittrich, H. Flietner, Appl. Phys. A59, 193 (1994) 
[22] W. Henrion, M. Rebien, H. Angermann, A. Röseler, Appl. Surf. Sci. 202, 199 
(1994) 
[23] D. Gräf, M. Grundner, R. Schulz, and L. Mühlhoff, J. Appl. Phys. 68, 5155 
(1990) 
[24] K. Peter, R. Kopecek, E. Enebakk, A. Soiland, and S. Grandumand, Abstract of 
35th Photovoltaic Specialists Conference (2010) 799-805 
[25] Z. Liu, A. Masuda ad M. Kondo, J. Appl. Phys. 103, 104909 (2008) 

























In this thesis, chemical methods for the improvement of solar cell processes and 
devices were studied.  Ultra-low reflectivity Si surfaces were fabricated by the process 
called the surface structure chemical transfer (SSCT) method.  The ultra-low reflectivity 
Si surfaces were then used to produce solar cells.  Lastly, oxidation in air of the HF-
treated Si wafers was evaluated by minority carrier lifetime measurements.   
 Ultra-low reflectivity (i.e., 2~4%) Si surfaces were produced by the surface 
structure chemical transfer method.  A Pt catalytic mesh was contacted with a Si wafer 
in HF:H2O2 solutions.  The ultra-low reflectivity was attributed to the formation of a 
nanocrystalline Si surface having a thickness in the range between 100 and 150 nm.  
Photoluminescence at 670 nm was observed due to the presence of Si nanocrystals 
whose diameter is ~ 2.5 nm.  The increase in minority carrier lifetime (i.e., from 1 μs to 
5 μs) was attributed to the band-gap widening of Si after the formation of the 
nanocrystalline Si layer due to the suppression of electron-hole pair recombination at 
the nanocrystalline Si/Si interface.   
 High photocurrent density (i.e., 38.8 mA/cm2) nanocrystalline Si/Si structured 
solar cells were fabricated without an anti-reflection coating.  The pn-junction was 
formed simply by spin-doping a P-dopant source onto the nanocrystalline Si/Si structure 
and diffusion at high temperature (i.e., 950°C).  The high photocurrent density was 
attributed to the ultra-low reflectivity surface due to the absorption of more light.  The 
open-circuit voltage was not decreased, which means that the surface recombination 
was not increased after the formation of the nanocrystalline Si layer.  The solar cell 
efficiency (i.e., 16.6%) obtained was relatively high considering no anti-reflection 
coating and no passivation methods were performed.   
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 Exposure of HF-treated Si wafers in air result to the formation of native oxides 
within one-day of exposure.  However, depending on the humidity conditions, the 
decrease in minority carrier lifetime varies.  In wet-conditions, interstitial Si-OH species 
are dominant which cannot form a network structure resulting to a lower minority 
carrier lifetime.  In dry-conditions, interstitial Si-O-Si species are dominant which can 
form a network structure resulting to higher minority carrier lifetime. 
 The surface structure chemical transfer (SSCT) method is a fast and simple 
method to produce ultra-low reflectivity Si surfaces.  High photocurrent density Si solar 
cells can be easily fabricated from the nanocrystalline Si/Si structured surface.  To 
further increase the conversion efficiency of the Si solar cells, a stable passivation 
method must be performed, along with the optimized: pn-junction formation, edge-
isolation and back-surface field processes.   
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